Four cytokine receptor genes are located on Chr21q22.11, encoding the a and b subunits of the interferon-a receptor (IFNAR1 and IFNAR2), the b subunit of the interleukin 10 receptor (IL10RB) and the second subunit of the interferon-g receptor (IFNGR2). We previously reported that two variants in IFNAR1 were associated with susceptibility to malaria in Gambians. We now present an extensive fine-scale mapping of the associated region utilizing 45 additional genetic markers obtained from public databases and by sequencing a 44 kb region in and around the IFNAR1 gene in 24 Gambian children (12 cases/12 controls). Within the IFNAR1 gene, a newly studied C-G single-nucleotide polymorphism (IFNAR1 272354c-g) at position À576 relative to the transcription start was found to be more strongly associated with susceptibility to severe malaria. Association was observed in three populations: in Gambian (P ¼ 0.002), Kenyan (P ¼ 0.022) and Vietnamese (P ¼ 0.005) case-control studies. When all three studies were combined, using the Mantel-Haenszel test, the presence of IFNAR1 À576G was associated with a substantially elevated risk of severe malaria (N ¼ 2444, OR ¼ 1.38, 95% CI: 1.17-1.64; P ¼ 1.7 Â 10 À4 ). This study builds on previous work to further highlight the importance of the type-I interferon pathway in malaria susceptibility and illustrates the utility of typing SNPs within regions of high linkage disequilibrium in multiple populations to confirm initial positive associations.
Introduction
Malaria is a predominantly tropical disease and a global health problem in approximately one-hundred countries. It affects two and a half billion people worldwide (approximately 40% of the world's population). 1 The importance of host genetics in the study of the pathogenesis of malaria is underlined by the discovery of the protective effect of the sickle cell trait, 2 the A allele of Glucose-6-phosphate dehydrogenase (G6PD), 3 a-thalassemia 4 and more recently the haemoglobin E (HbE) trait in peoples of Southeast Asia. 5, 6 Apart from molecules involved in erythrocyte physiology, recent work has revealed associations linking cytokines and their receptors to malaria pathogenesis. 7 Examples include tumour necrosis factor (TNF)-a 8, 9 whereby a variant in the promoter confers susceptibility to severe malaria, and a subunit of the interferon-g receptor (IFNGR1) in which heterozygosity at the locus may be associated with protection against severe malaria. 10 Recently, genome-wide scans in the Plasmodium falciparum genome 11, 12 have identified putative targets for vaccination, 13 further underlining the role of genetics in elucidating the pathogenesis and future preventive treatment of malaria.
Over the years, multiple studies have confirmed the crucial role of cytokines in the pathogenesis and clinical manifestation of malaria. High baseline levels of interleukin (IL)-10 have been found to associate with more severe clinical manifestations 14 and were convincingly replicated. 15 Mouse models have suggested that interferon (IFN)-a may inhibit Plasmodium yoelii blood stage malaria by inhibiting reticulocyte production. 16 It has been shown that IFNAR deficient mice lacked IFN-g production in the presence of normal CD8 þ T-cell expansion 17 and co-immunoprecipitation studies have also suggested an interaction between IFNAR1 and IFNGR2, 18 thus strengthening the link between IFN-a and IFN-g signalling. The very well-described IFN-g has been shown to be a key cytokine in elucidating a strong T H 1-biassed immune response, which is crucial in the clearance of intra-cellular pathogens, especially tuberculosis and invasive bacterial infections. More recently, IFN-g has been demonstrated to play an important role in both parasite clearance and protective immunity to malaria 19, 20 In recent years, there has been increasing interest in the relationship between Toll-like receptors (TLRs) (and members of their downstream signalling pathway) and the pathogenesis of different infectious diseases. Being an integral component of the innate immune response, it has recently been hypothesized that the TLRs may play a role in bridging the adaptive and innate immune responses. The TLR signalling cascade is responsible for the activation of type-I interferons (IFN-a and IFN-b) in response to microbial infections. 21 The first TLR to be implicated in the pathogenesis of malaria was TLR9, which signals via the type-I INF pathway. 22 Taken together with our previous observations that two markers in IFNAR1 ( þ 17470 in intron3 and L168V in exon4; Overall unadjusted P ¼ 0.011 and P ¼ 0.003, respectively for severe malaria) were both associated with susceptibility to P. falciparum malaria, 23 we hypothesized that IFNAR1 may indeed play a role in the host response to malaria.
This study was conducted to examine the possibility that the IFNAR1 variants we previously described were in linkage disequilibrium (LD) with the causative variant(s), as the heterozygous pattern of association reported was difficult to explain in functional terms and the single-nucleotide polymorphism (SNP) variants themselves had no obvious functional consequences beyond a conservative amino acid change for L168V. As the region between IL10RB and IFNAR1 demonstrates a very high extent of LD, we have now tested the possibility that fine-mapping using many more markers could help resolve the variant(s) involved in malaria susceptibility.
Results
A total of 45 polymorphic markers, all of them SNPs, were genotyped and analysed across the region containing the IL10RB and IFNAR1 genes (Table 1 and Figure 1 ). Twenty-seven of them were novel polymorphisms identified via direct sequencing of the entire IFNAR1 gene as well as the 10 kb region immediately upstream of the transcription start of IFNAR1. One of the 45 polymorphisms is a non-synonymous change encoding the substitution of phenylalanine for serine at codon 8 in IFNAR2. 24 Within the Gambian malaria case-control study group, there was no statistically significant difference between controls and mild malaria patients when genotype and allele frequencies were compared. All control genotype frequencies were in Hardy-Weinberg equilibrium (HWE), except for that of IL10RB þ 1797 (P ¼ 0.008). As this deviation from HWE might be due to genotyping error, we performed direct sequencing on 48 randomly selected individuals for IFNAR1 þ 1797. The results revealed absolute concordance between the two-genotyping methods, thus minimizing the chances that this could be due to genotyping error.
In the initial screen, a total of 11 markers showed suggestive evidence (Po0.1) of an association with severe malaria (Table 1) . Three of them (IL10RB 230146a-g, IL10RB þ 1165 and IL10RB þ 1797) were located in IL10RB, and eight of them (IFNAR1 267717g-t, IFNAR1 268710a-g, IFNAR1 272354a-g, IFNAR1 273628a-g, IFNAR1 273806a-g, IFNAR1 279923c-t, IFNAR1 283708a-g and IFNAR1 Asp71Asp) in IFNAR1. In the full Gambian sample set, the association with markers IL10RB 230146a-g, IFNAR1 273806a-g and IFNAR1 Asp71Asp did not retain significance (P ¼ 0.073, 0.073 and 0.055, respectively). The markers for which the overall, unadjusted association remained significant in the full Gambian screening set, were further investigated by logistic regression, adjusting for the effects of possible confounders including sickle cell trait (HbAS), age (as a continuous variable), ethnicity, household location and sex. Markers IL10RB þ 1165 and IL10RB þ 1797, as well as markers IFNAR1 267717g-t, IFNAR1 268710g-a, IFNAR1 272354c-g, IFNAR1 273628a-g, IFNAR1 279923c-t and IFNAR1 283708a-g all remained significantly associated with severe malaria after correction (Table 1) .
For markers IL10RB þ 1165, IL10RB þ 1797, IFNAR1 267717g-t, IFNAR1 272354c-g, IFNAR1 279923c-t and IFNAR1 283708a-g, the proportion of variant genotypes (heterozygous and homozygous mutant) was found to be higher in the severe malaria cases than in the controls. Conversely, the proportion of wild-type homozygote subjects were found to be significantly under-represented in the severe malaria cases as opposed to the controls, suggesting that protection against severe malaria was conferred solely by the homozygote wildtype genotype. As such, further logistic regression analyses (as previously described for sickle cell trait, age, sex, household location, and ethnic origin), using a model of dominance of the variant allele, were performed to assess the differential associations between single genotypes and severe disease phenotypes. As shown in Table 2 for the six markers mentioned above in both IL10RB and IFNAR1, the homozygous wild-type genotypes were associated with a reduced risk, and the presence of the variant alleles was associated with susceptibility to severe malaria.
We then constructed a LD map ( Figure 2 and Supplementary Figure A) spanning 125 kb of the type-II cytokine receptor family (CRFII) gene cluster. A region of moderate LD could be distinguished, stretching approximately 50 kb from marker IL10RB þ 1165 to IFNAR1 L168V. The top five markers showing the strongest evidence of association with severe malaria were all confined to this region of LD. Separate LD maps were also constructed using the six most significantly associated markers in the Gambian study to compare the extent of LD between these markers in the Gambian and Vietnamese study. The comparative maps reveal that while there was very strong LD between the six markers in the Gambians, the extent of LD was much less in the Vietnamese study ( Figure 3 ).
Haplotypes were reconstructed using the data from the six markers (five from this study, and the previously described IFNAR1 L168V 23 ) showing the strongest association with severe malaria (IL10RB þ 1165, IL10RB þ 1797, IFNAR1 272354c-g, IFNAR1 279923c-t, IFNAR1 283708a-g, as well as IFNAR1 L168V), which were shown to be in strong LD. Two main haplotypes were observed:
No significant difference in haplotype frequencies was observed between the controls and severe malaria cases (PHASE2 Global test for significance P ¼ 0.66).
Two chromosome haplotype combinations (also known as diplotypes, previously described 23 ) were then constructed using the haplotypes obtained from PHASE2. The 'homozygous' AGCCAG/AGCCAG diplotype was found to be more prevalent in controls compared to the cases, and conversely, the 'heterozygous' AGCCAG/GAGTGC diplotype was found to be over-represented in the severe malaria cases compared to Table B) . However, this result observed with the diplotypes was no more informative than the analysis of the single markers.
We then attempted to replicate the associations of the five most significantly associated markers (IL10RB þ 1165, IL10RB þ 1797, IFNAR1 272354c-g, IFNAR1 279923c-t, IFNAR1 283708a-g, as well as IFNAR1 L168V) in an independent replication set using Vietnamese severe malaria cases and controls. Only for IFNAR1 272354c-g was a significant association detected, with the C/C homozygote wild-type genotype significantly under-represented among severe malaria cases (31.5%) (N ¼ 507, 2 Â 2 w 2 ¼ 6.68, P ¼ 0.0097, P one-tailed ¼ 0.0049) compared to controls (44.9%). The overall 3 Â 2 w 2 -test involving all three genotypes was also significant (Supplementary Table A) , and was unchanged by allowance for HbE genotype. In an analysis of alleles, the wild-type C allele was significantly under-represented in the cases with severe malaria (55.3%) (2 Â 2 w 2 ¼ 5.88, P ¼ 0.015) compared to the controls (64.5%).
We then attempted to replicate the observed association with IFNAR1 272354c-g in a third population from Kilifi, Kenya. A significant difference in overall genotype frequencies was observed between the severe malaria cases and controls (3 Â 2 w 2 ¼ 6.24, P ¼ 0.044; Supplementary Table A) . Further analysis revealed a lower proportion of homozygous wild-type C/C genotype individuals among severe malaria cases (46.8%) compared to controls (52.1%) (N ¼ 1053, 2 Â 2 w 2 ¼ 4.05, P ¼ 0.044, P one-tailed ¼ 0.022).
A combined analysis involving the Gambian, Kenyan and Vietnamese studies was then performed using the Mantel-Haenszel 2 Â 2 w 2 -test stratified for the three different populations. The results demonstrate a highly significant under-representation of the C/C wild-type homozygote genotypes in the severe malaria cases compared to the controls, and conversely an overrepresentation of the variant G allele in the severe malaria cases (overall N ¼ 2444, Mantel-Haenszel 2 Â 2 
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125 Kb Figure 2 Linkage disequilibrium (LD) results of the 45 markers in the Gambian population from GOLD. 26 The key to the right shows the colour scale representing increasing LD from dark blue (D'o0.1) through to red (D'40.9). 
Discussion
In this study, we have shown a clear pattern of association, in which protection was afforded by the homozygote wild-type genotype, and susceptibility conferred by the presence of the variant allele and this was observed for five polymorphic markers across a 50 kb region in the Gambian study. These markers, which were in strong LD (Figure 3) in the Gambia, demonstrate highly significant associations with severe malaria, and this remains after correction for the potential confounding effects of sickle cell trait, ethnicity, age, household location and sex. It is very likely that the functional variant lies within this 50 Kb region because it is contained within a well-defined block of high LD (Figure 2 and Supplementary Figure A) . The reconstruction of haplotypes and diplotypes using the data obtained from the most significantly associated markers from the Gambian study failed to yield further information in resolving the functional variant. This is probably due to the fact that all five markers (together with IFNAR1 L168V) were in such strong LD. No other association was detected 3 0 of IFNAR1 L168V even after typing an additional eight markers downstream of it. The significant association between IFNAR1 272354c-g and protection against severe malaria was replicated in an independent Vietnamese population, and a borderline significant result observed in the study involving Kenyan children. These observations considerably lessen the likelihood that the initial observed association had occurred by chance. Apart from IFNAR1 272354c-g, the associations with the other markers were not replicated in the Vietnamese population, further increasing the likelihood that this marker, if it is not the functional polymorphism is at least in very strong LD with it. We have also shown that the extent of LD between the highly significant markers in the Gambian study is very strong (Figure 3) , suggesting that the other markers were found to be significantly associated because they are in strong LD with IFNAR1 272354c-g. On the other hand, the extent of pairwise LD between the above-mentioned markers was found to be less pronounced in the Vietnamese population (Figure 3) , consistent with the failure of replication for the other five SNPs in the Vietnamese study. IFNAR1 272354c-g is 576 bp away from the transcription start site, and as promoter and binding sites for regulatory elements are often found up to 1000 bp upstream of the transcription start site, this polymorphism could well affect the expression levels of IFNAR1. Further functional studies on the effect of promoter variants on IFNAR1 transcript levels are therefore merited.
The positive results presented here have not been corrected for multiple testing using the Bonferroni correction. This assumes completely random selection of markers across a random selection of genes. However, most of the markers in IL10RB and IFNAR1 have been shown to be in strong LD, and hence are not independent of one another. This, together with the successful replication of the IFNAR1 272354c-g association in two further populations, reduces considerably the possibility that this was a chance finding. Even if the conservative Bonferroni correction (taking into consideration all 45 markers genotyped) were to be applied to the unadjusted overall association observed with IFNAR1 272354c-g (P ¼ 1.7 Â 10 À4 ), the final corrected P-value remains significant at P ¼ 0.007.
Although there is no direct evidence linking type-I INFs to malaria pathogenesis, reports have linked IFN-g and the efficacy of clearance of liver stage P. falciparum 25, 26 There are studies 17, 18 that describe a possible signalling connection between IFN-a and IFN-g, where IFN-a is thought to act upstream of IFN-g. This further underpins the importance of type-I INFs in the pathogenesis of severe malaria and IFNAR1 as a functional candidate in this disease. This detailed genetic analysis suggests that further study of the role of type-I INFs in malaria pathogenesis is warranted, and also underlines the value of independently recruited replication sets in helping to identify functional variants in genomic regions where the LD between markers is strong. Figure 3 Comparative linkage disequilibrium maps comparing the extent of LD between the Gambian (left) and Vietnamese (right) studies constructed using the six polymorphisms found to be highly significant in the Gambian malaria study. The key to the right shows the colour scale representing increasing LD from dark blue (D 0 o0.1) through to red (D 0 40.9).
Patients and methods

Subjects
The details for the Gambian malaria case-control study have been described previously. 27 The Vietnamese subjects were adults with severe malaria admitted to the Centre for Tropical Diseases, Ho Chi Minh City, Vietnam recruited between 1991 and 1996. Controls were ethnically matched adult non-malaria cases recruited from other departments of the same hospital. Subjects with mild malaria were not included in this study. Ethical approval was granted by the Ethical and Scientific committee of the Centre for Tropical Diseases in Ho Chi Minh City, Vietnam.
For the Kenyan study, children admitted to the high dependency unit of Kilifi District Hospital with severe malaria 28 were recruited as cases. The controls were children who had been recruited from the community surrounding the hospital for a study of bacteraemia, matched by age, sex and household location to children admitted to the hospital with bacteraemia. All samples were obtained only after informed consent and permission from a parent or guardian. Ethical approval for this study was granted by the Kenya Medical Research Institute (KEMRI) National Scientific Steering and Research Committees.
Identification of polymorphisms SNP markers were identified via direct sequencing of 24 Gambian children (12 cases and 12 controls), as well as obtained via dbSNP database searches. Individual marker details are included in Table 1 . For the sequencing exercise, a 44 kb genomic region (comprising the entire coding region of IFNAR1, most of the non-coding intronic sequence, a region 10 kb upstream of the transcription start, as well as a region 4 kb downstream of the terminal exon) was subjected to direct DNA sequencing (primers appended in Supplementary Table  C) . The genomic regions of interest were first amplified by PCR, followed by direct sequencing using BigDye v3.1 (Applied Biosystems, Foster City, CA, USA). The products were analysed using an ABI 3700 capillary sequencer and the trace files computed via poly PhredPhrap 29, 30 and visualized using Consed. 31 Screening strategy A detailed description of the screening strategy can be found in Supplementary Information.
Genotyping methods
Most of the markers were genotyped using the Sequenom MassArray primer extension method. 32 Other details on genotyping (including the primers used) are presented in Supplementary Information and  Supplementary Table D .
Statistical analysis
Initially, the markers were analysed individually. The Pearson's w 2 -test was used to compare the differences in allele frequencies and the relevant overall w 2 -test (2 Â 2 or 3 Â 2) for differences in genotype distribution between the cases and controls using SPSS version 12.0 (SPSS Inc.). We then used forward stepwise logistic regression, including variables that were significantly associated with malaria on univariate analysis (Po0.05) to assess the overall association between genetic markers adjusted for the potential confounding effects of the variables sickle cell trait status, age, sex, ethnicity and household location. Tests of significance within the logistic regression models use the Wald statistic (which has a w 2 distribution).
As both the Vietnamese and Kenyan studies are replication sets, one-tailed tests of significance were used for 2 Â 2 comparisons. This is justified because there is an a priori knowledge of the direction of the association. When an association was successfully replicated in two or more populations, the most consistent model (dominance, recessive or allelic) was adopted, and the data from the relevant populations was then combined and analysed as a whole, stratifying for the different study populations using the MantelHaenszel 2 Â 2 w 2 -test (SPSS version 12.0). In the Gambian malaria study, there were no statistically significant differences between the mild, nonmalaria controls and the severe, non-malaria controls for any genotype or allele frequency, so these control subjects were pooled together as a single control group for subsequent analysis.
Haplotype analysis
When associations were observed between one or more genetic markers and severe malaria, the marker data were used for haplotype reconstruction. The haplotypes were reconstructed from genotype data using the PHASE2 package, 33 which are designed for haplotype estimation from case-control studies. PHASE2 conducts a global test of significance between cases and controls, while accounting for haplotype uncertainty. The combination of haplotypes for each individual (for example, the diplotype) was analysed using Pearson's w 2 -test.
Linkage disequilibrium analysis
Analysis of pairwise LD between markers was conducted using the graphical overview of linkage disequilibrium (GOLD) package. 34 
